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with 2,6-dimethoxy-p-quinone and semiquinone
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Previous electron spin resonance studies have demonstrated that the decay of ascorbyl plus semiquinone
radicals, produced in an agueous mixture of ascorbate and 2,6-dimethoxy-p-quinone, is accelerated by
ascites cells. This effect was concluded to involve a sulfhydryl-containing NAD(P)H-enzyme, and work on
cultured cell lines showed that on neoplastic transformation the activity against the radicals was increased.
We show here that at least three disulfide-oxidoreductases are able to quench the radicals in a similar way to
that of viable cells. Glutathione reductase (EC 1.6.4.2) in the presence of NADPH and oxidised glutathione,
and dihydrolipoamide dehydrogenase (EC 1.8.1.4) with NADH and lipoamide, are found to “accelerate the
radical decay by reducing the quinone or semiquinone. DT-diaphorase (EC 1.6.99.2) in the presence of
NAD(P)H can also achieve this by reducing the quinone directly. Lipoamide dehydrogenase and glutathione
reductase are also capable of reducing nitroxide spin labels, a finding considered of relevance to the reported
reduction of such spin labels by neuroblastoma cells_._\

Introduction membranes [7], relatively few studies have in-

vestigated the ways in which viable cells directly

Free radicals can cause biological damage such
as lipid peroxidation [1], mutagenicity [2.3] and
protein damage [4], and some of the cellular de-
fenses against such effects have been extensively
studied [S]. Although spin traps have been em-
ployed for in vivo trapping of toxic free radicals
[6]. and spin labels have been commonly used for
studying the physico-chemical properties of cell
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interact with free radicals. We have reported [8,9]
that Ehrlich ascites tumour cells are able to accel-
erate the rate of decay of an anoxic mixture of
ascorbyl and semiquinone free radicals, and that
for two cell culture systems the scavenging rate for
transformed cells exceeds that of their non-trans-
formed counterparts [10). An effect similar to this
last result was later reported [11]} in studies of the
reduction kinetics of spin labels incorporated into
the membranes of differentiated and undifferenti-
ated neuroblastoma cells.

We describe here the processes by which free
radicals are generated and decay in ascorbate plus
quinone mixtures, and the ways in which the
kinetics of these processes can be modified by
interactions with cells and enzymes. Previous stud-
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ies (9] on subcellular fractions of ascites cells
indicated that the scavenging of the ascorbyl plus
semiquinone radicals is associated with an
NAD(P)H-enzyme containing an active sulfhydryl
group. We have now investigated how several
oxidoreductases interact with the ascorbate plus
quinone mixture and show here that at least three
of them, namely glutathione reductase (EC 1.6.4.2),
dihydrolipoamide- dehydrogenase (diaphorase, EC
1.8.1.4) and DT-diaphorase (EC 1.6.99.2) are ca-
pable of accelerating the free radical decay kinet-
ics in a way that is consistent with that observed
in the cell studies. That other oxidoreductases may
be capable of such radical scavenging is indicated
by the finding [12,13] that thioredoxin reductase
in skin can reduce spin-labelled quaternary am-
monium salts.

Materials and Methods

Oxidized glutathione, 3-carbamoyl-2,2,5,5-te-
tramethylpyrrolidin-1-yloxy (3-carbamoyl-
PROXYL) and 4-hydroxy-2,2,6,6-tetramethyl-
piperidinooxy (TEMPOL) were obtained from Al-
drich. The 2,6-dimethoxy-p-quinone was synthe-
sized in the laboratory of Professor G. Fodor,
University of West Virginia, and DT-diaphorase
was the kind gift of Dr. Lars Ernster, Arrhenius
Laboratory, Stockholm, Sweden. All other reagents
were obtained from Sigma.

The method used to produce the ascorbyl and
2,6-dimethoxy-semiquinone radicals, as well the
electron spin resonance (ESR) technique for moni-
toring the radical kinetics, was essentially the same
as that described for the cell studies [8,9,14]. Two
solutions in 50 mM Hepes buffer (pH 7.4) were
prepared; the first contained 2 mM 2,6-di-
methoxy-p-quinone, and the second 20 mM sodium
ascorbate, plus 1 mg/ml superoxide dismutase
and 5 mM ethylene glycol bis(B-aminoethyl
ether) N, N, N’ , N’-tetraacetic acid (EGTA). At the
beginning of each ESR experiment, 0.25 ml of
each solution was added to 0.5 ml of the buffer
and transferred by syringe into the aqueous flat
cell of the ESR spectrometer. The modulation of
the spectrometer was set at 4 gauss so that a signal
representing a weighted combination of the
ascorbyl and semiquinone resonances was oOb-
tained. This produced a good signal-to-noise ratio

and permitted a fast spectrometer response time
for the kinetic measurements. The ESR cell was
flushed through with oxygen-free nitrogen before
the start of each experiment, and this condition
was maintained as the decay of the ESR signal
was monitored for periods up to 1400 s after the
initial mixing of the quinone and ascorbate solu-
tions. The modifying effect of an enzyme on the
decay kinetics of the radicals was determined by
adding appropriate concentrations of the enzyme
and of its substrates to 0.5 ml of the Hepes buffer
immediately before the addition of the quinone
and ascorbate solutions.

For studying the interaction of oxidoreductase
enzymes with spin labels, 0.5 ml of Hepes buffer
containing approximately 10 uM/1 of TEMPOL
or 3-carbamoyl-PROXYL was added at time zero
to an equal volume of the buffer containing the
test enzyme and substrate. The decay of the
down-field resonance line of the spin label was
monitored as a function of time until its magni-
tude had diminished by 90%. The entire resonance
spectrum was then scanned to ensure that the loss
of signal intensity did not reflect spectral changes
resulting from immobilization of the spin label.
Samples were maintained under a nitrogen atmos-
phere during the course of each experiment.

Results and Discussion

Previous studies [14] have shown that solutions
of some quinones administered in combination
with ascorbate were cytotoxic towards Ehrlich
ascites tumours in mice. This synergistic cytotoxic-
ity was found to be correlated with the production
of long-lived populations of semiquinone and
ascorbyl free radicals arising from one-electron
reduction processes in the ascorbate plus quinone
mixtures. The most toxic of the combinations
tested was 2,6-dimethoxy-p-quinone (DMQ) with
ascorbate, which produced a free radical con-
centration of about 4 pM/l with a half-life in
excess of 10° s. The production of these radicals
was found to be independent of oxygen and tran-
sition metals [15], and spin-trapping studies [15]
indicated the absence of such short-lived inter-
mediates as hydroxyl radicals.

The interaction of ascorbate with DMQ leads
finally to the reduction of the quinone to its



hvdroquinone (DMQH, ) and to the oxidation of
ascorbate (A) to dehydroascorbate (DHA):

A +DMQ = DHA + DMQH, (1)

This two-electron reduction proceeds through
single-electron transfers and, as shown elsewhere
[15], the two dominant steps that produce free
radicals are:

DMQ+ DMQH, = 2DMQ (2)
and
2A+DMQ = 2A + DMQH, (3)

The rates of generation and decay of the ascorbate
radical A govern the rate of the overall reaction
(1), whereas the concentration of the semiquinone
radical DMQ depends upon the extent of quinone
reduction and reaches a maximum when the con-
centrations of DMQ and DMQH,, are equal in the
reaction mixture. In the cell studies {§~10} and for
the enzyme reactions reported here, it is the kinet-
ics of these radicals that have been monitored. We
have observed [9] that in accelerating the rate of
decay of the radicals the celis consume NAD(P)H,
so we can assume that the radical decay results
from the complete reduction of one or more of the
incompl.etely reduced species (i.e., A, DHA, DMQ
or DMQ) in the above reactions. For our experi-
mental condition of a 10-fold excess of the ascor-
bate over the quinone, it can be shown [15] that
either a one- or two-eléctron reduction of the
quinone, or a one-electron reduction of the semi-
quinone, has a more dominant effect on the over-
all radical decay kinetics than does a reduction of
either dehydroascorbate or the ascorbyl radical.
We show here that at least three oxidoreductases
are capable of such reduction of the quinone or
semiquinone.

The rate of decay of the semiquinone plus
ascorbyl radicals in the buffer solution, together
with the effect of adding various amounts of lipo-
amide dehydrogenase in the presence of 0.5 mM
NADH, is shown in Fig. 1. No enzyme effect was
observed if NADPH, rather than NADH, was
used. The rate constants derived from the straight
line plots of Fig. 1, together with those obtained
from the same experiments using glutathione re-
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Fig. 1. The concentration of ascorbyl and semiquinone free
radicals as a function of time after combining ascorbate and
2.6-dimethoxy-p-quinone in the presence of: () 0.5 mM
NADH: () 0.5 mM NADH plus 139 nM lipoamide dehvdro-
genase: {a) 0.5 mM NADH, with 139 nM lipoamide dehydro-
genase added after 600 s.

ductase in the presence of NADPH, are shown in
Fig. 2 as a function of the enzyme concentration.
Although the results for lipoamide dehydrogenase
are consistent with its known native diaphorase
activity [16], the concentrations of enzyme used
(i.e., above 100 nM) were such that this activity is
too small to have accounted for that observed in
the cell studies [8-10].

The activities of both lipoamide dehydrogenase
and glutathione reductase were found to increase
significantly in the presence of their appropriate
disulfide substrates. The rate of decay of the radi-
cals in the presence of 5.8 nM lipoamide dehydro-
genase as a function of oxidized lipoamide and
NADH concentrations is shown in Fig. 3 in the
form of two Lineweaver-Burk plots. Cleland [17]
has shown that parallel plots such as those of Fig.
3 are indicative of an enzyme operating through
the so-called ping-pong mechanism in which re-
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Fig. 2. The first-order rate constant & (determined from plots
such as Fig. 1) as a function of lipoamide dehydrogenase and
glutathione reductase concentrations in the absence of their
disulfide substrates for: (a) lipoamide dehydrogenase plus 2
mM NADH: (O) glutathione reductase plus 2 mM NADPH.

lease of the first product precedes addition of the
second substrate, with the enzyme existing in two
stable forms. If negligible amounts of the products
are present, the two-site ping-pong mechanism
obeys the following rate equation {16]:

14
T1+K,/IAl+ K, /IB]

v (4

where v and V are the initial and maximum
velocities of the reaction, respectively. For lipo-
amide dehydrogenase the factors X, and K, can
be taken as the Michaelis constants for lipoamide
(A) and NADH (B), respectively. An analysis of
the results of Fig. 3 in terms of Eqn. 4 leads to a
Michaelis constant for lipoamide (corresponding
to 0.15 mM NADH) of 0.45 mM and 354+ 5 uM
for NADH. Reed [18] obtained Michaelis con-
stants for rat liver lipoamide dehydrogenase of
0.84 mM for lipoamide and 62 uM for NADH.
For concentrations of NADH above 0.2 mM the
lipoamide dehydrogenase activity decreased, im-
plying an inhibitory action of NADH. Such sub-
strate inhibition is consistent with a ping-pong
enzyme mechanism [18,19]. Parallel Lineweaver-
Burk plots were also obtained for glutathione re-
ductase, and these provided a Michaelis constant
of 48 + 4 uM for oxidized glutathione, which can
be compared with the value of 55 pM given for
yeast glutathione reductase [20]. We observed that
the quenching activity of glutathione reductase
plus glutathione disulfide in the presence of
NADFH fell off substantially with time, but that
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Fig. 3. Lineweaver-Burk plots [17) for 5.8 nM lipoamide dehy-

drogenase, using the rate constant 4 as a measure of the
reaction velocity. a, 0.01 mM NADH: O, .15 mM NADH.

the full activity could be restored by the addition
of more glutathione disulfide. This observation is
compatible with either substrate depletion or with
the formation of an adduct between reduced
glutathione and 2,6-dimethoxy-p-quinone, which
is a reaction well documented for other partially
unsubstituted quinones [21].

DT-diaphorase is known to catalyze the two-
electron reduction of quinones [22] using as the
reducing source either NADH or NADPH with
equal efficiency. Accordingly, this enzyme was
found to accelerate the decay of the ascorbyl plus
semiquinone radicals, and this activity is demon-
strated in Fig. 4 for an NADH concentration of 2
mM. The activity of DT-diaphorase is increased
by association with lipophilic agents and globular
proteins [22] and, although this is not relevant for
the results of Fig. 4 obtained on the pure enzyme,
the diaphorase activity in the cells could have
been increased by such influences.

The ability of lipoamide dehydrogenase to re-
duce the spin labels TEMPOL or 3-carbamoyl-
PROXYL in the presence of 2 mM NADH, but
without lipoamide, is shown in Figs. 5 and 6.
Unlike the case shown in Fig. 1 for the activity of
lipoamide dehydrogenase towards the ascorbate
plus quinone mixture, the activity against the spin
labels does not remain constant with time. This



8.0 r
7.0 |

6.0

107k, sec'

2.0

14
|

0.0 ' . |
0.0 1.0 2.0 3.0

DT~ Diaphorase Concentration, nM

Fig. 4. First-order free radical decay rate as a function of
enzyme concentration for DT-diaphorase in the presence of 2
mM NADH.
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Fig. 5. The reduction of the spin label TEMPOL by (A) zero,
(B) 6.5 units/mi, and (C) 12.5 units /ml of lipoamide dehydro-
genase with 2 mM NADH, in the absence of lipoamide.
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Fig. 6. The reduction of the spin label 3-carbamoyl-PROXYL
by (A) zero, (B) 6.5 units/ml, and (C) 12.5 units/ml of
lipoamide dehydrogenase with 2 mM NADH, in the absence of
lipoamide.

suggests that the spin labels can influence the
enzyme’s activity, through denaturation or their
acting as suicide substrates, for example. In the
absence of NADH the enzyme was unable to
reduce the spin labels. In the presence of 1 mM
lipoamide the maximum rate of radical quenching
was enhanced roughly 10-fold compared with that
shown in Figs. 5 and 6, and first-order rate kinet-
ics were observed. Glutathione reductase with
NADPH was not capable of reducing the spin
labels directly, but required the presence of
oxidized glutathione. In their studies of the reduc-
tion of TEMPOL by neuroblastoma cells, Chen
and McLaughlin [11] concluded that the cellular
reductant was a non-protein-bound sulfhydryl
group. Our results would suggest that a likely
candidate for such a group could be lipoamide, or
glutathione, or some other SH-based oxidoreduc-
tase substrate.

Conclusions

Our earlier studies [9] have shown that the
elimination by ascites cells of the ascorbyl and
semiquinone radicals, produced when ascorbate is
mixed with 2,6-dimethoxy-p-quinone, is associated
with an NAD(P)H-enzyme that contains an active
sulfhydryl group. We have shown here that several
sulfhydryl-oxidoreductases, namely lipoamide de-
hydrogenase, glutathione reductase and DT-di-
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aphorase, are capable of modifying the decay
kinetics of the ascorbyl plus semiquinone radicals
in the same way as observed in the studies on
ascites cells and cell culture systems [8-10]. This
finding suggests that one or more of these
oxidoreductase enzymes, or other related ones such
as thioredoxin reductase, were responsible for the
radical ‘quenching observed in our earlier studies
on viable cells and their homogenates. Future
studies will attempt to clarify this.

Our previous ESR measurements were made on
two families of cells capable of exhibiting either a
normal or a transformed phenotype according to
their culture conditions. The first consisted of
normal rat kidney cells infected with a transfor-
mation virus that yielded a clone (6m2) exhibiting
a transformed phenotype at 33°C and a normal
phenotype at 39°C [10], and a clone of 6m2,
designated 54-5A4, which was transformed at both
33°C and 39°C. The second consisted of chinese
hamster ovary cells which exhibited a normal or
transformed phenotype according to whether or
not they were cultured in the presence of dibutyryl
cyclic AMP. The ESR results indicated that in
every case the radical quenching activity was sig-
nificantly higher for the cells of transformed phe-
notype than for their normal counterparts. The
results reported here suggest that this increased
activity occurred because the transformed cells
possessed one or more of the following features: a
greater NAD(P)H-reducing power; a larger activ-
ity of disulfide oxidoreductases; a higher con-
centration of disulfide substrates such as glutath-
ione or lipoamide. In this respect it is of interest to
note that many tumour cells have been found to
contain higher levels of DT-diaphorase than their
normal counterparts [23]. The ability of lipoamide
dehydrogenase to reduce spin labels suggests that
changes in oxidoreductase activity accompanying
neoplastic transformation may also account for
the observation that neuroblastoma cells possess a
greater capacity to reduce TEMPOL than do their
normal homologs [11]. It will be of interest to
investigate whether oxidoreductases play a more
general role in protecting cells from free radical
attack, and whether or not the enhancement of
oxidoreductase activity on neoplastic transforma-
tion is a general effect.
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